In this study, we were aiming at testing halloysite nanotubes as an efficient adsorbent for the removal of phosphate from agricultural runoff. Adsorption of phosphate onto powder and granular form of halloysite nanotubes has been examined by using the classical batch method and diffusion experiments at room temperature. Different forms of halloysite nanotubes were investigated to explore the effect of structure on the adsorption of phosphate. The maximum adsorption efficiency was obtained for powder halloysite nanotubes (79.5%) and granular form (94.7%). It is believed that the pore space of the granular halloysite nanotubes accommodates phosphorus in addition to physico-chemically bound phosphate at surfaces. The pseudo-first order and pseudo-second order model fitted well the experimental kinetic data for both powder and granular form of halloysite nanotubes. The fit of the Freundlich isotherm model was superior as compared with the Langmuir approach, implying that the halloysite nanotubes are heterogeneous because of multiple surface groups and different pore structures. The two forms of halloysite nanotube tested have the abundant potential for removal of phosphate from agriculture runoff. Additional investigations at the pilot scale are, however, required to draw definite conclusions.
Introduction
Excessive phosphate discharge from manure, sludge sources, and chemical fertilizer applied to agricultural soils to runoff is the prominent source of water quality deterioration and nutrient enrichment. Heavily phosphate-laden waters impose hazardous risk to aquatic ecosystems [1] [2] [3] [4] . Although phosphorus concentrations in runoff from agricultural fields are, in general, below 1 mg L −1 , the elimination of phosphorus is considered a crucial environmental sustainability concern to halt rapid degradation of water quality [4] [5] [6] [7] [8] . A wide range of phosphorus concentrations has been investigated in phosphorus adsorption studies [1, 6, 9] . Chemical precipitation, coagulation, ion exchange, biological, and physical treatments have been reported to remove phosphorus from aqueous solutions before it discharges to agricultural runoff [10] [11] [12] . Although chemical treatment involving Al, Fe, and Ca is a traditional approach to remove phosphate from wastewater, these methods lead to huge sludge treatment and disposal problems [13] . Physical treatment containing electrodialysis, reverse osmosis, and adsorption seem to be highly promising as compared to chemical treatments to remove phosphate from aqueous solutions [14] . However, except adsorption, most of these methods involve high capital cost with recurring expenses, which are not suitable for many parts of the world [15] [16] [17] [18] . Several adsorbents have been investigated in various studies for the removal of phosphate from aqueous solution such as nanoparticles [19, 20] , nanoscale zero-valent materials [21] , activated red mud [22] , biogenetic calcium carbonate minerals [23] , hybrid impregnated polymeric sorbent containing hydrated ferric oxide [24] , industrial acidified laterite by-product [25] , mixture of sand and dolomite [26] , slag and fly ash [27] , steel slags [28] , silicate hybrid materials [29] , schwertmannite (which is ferric oxyhydroxide sulphate) [30] , and volcanic rocks [31] . Nanoparticle clay mineral receives much more attention among the natural adsorbents due to the high specific surface area, high adsorption rates compared to other adsorbents, low toxicity, easy operation, and, to some extent, cost-effectiveness. The potential of clay materials (halloysite) to remove both anionic and cationic pollutants has been reported [19, [32] [33] [34] . In recent studies, it was found that halloysite of different chemical and mineralogical composition can be used as an adsorbent and pollution remediation material [35] .
Halloysite is a widespread clay mineral in soils and weathered rocks that appears in a variety of particle configuration and hydration states [19, 36, 37] . Though halloysite particles occur in a variety of morphologies, the dominant morphology is tubular form [19] . Halloysite nanotubes (HNTs) are formed as a result of strain caused by lattice mismatch between adjacent silicon dioxide and aluminum oxide layers. Chemically tubular halloysite can terminate from deformation of platy kaolinite (Al 2 SiO 5 (OH) 4 ·2H 2 O), or it is derived from crystallization of Micas and Feldspar [19, 38, 39] .
HNTs were selected as a compelling candidate for removal of phosphate, and it can be fabricated in a diversity of shapes and varied lattice planes [20] . Despite the tubular shape of HNTs that contribute to adsorption capacity, the interlayer is scarcely accessible for adsorption of ion and molecules. Therefore, application of the modified granular form of HNTs should be considered to improve the adsorption of HNTs [40] . Granular HNTs might have a higher or lower adsorption capacity as compared to the powder form. Theoretical calculations demonstrate that the aggregation of nanotubes leads to a specific reduction in surface area, but at the same time the pore volume is enlarged due to interstices trapped in the aggregated nanotubes [41] .
However, no information is available on the adsorptive interactions between phosphate in the aqueous system and HNTs in the aggregated form. Therefore, the objectives of this study were: (1) to examine the characteristics of the HNTs, (2) to investigate the phosphate sorption capacity of HNTs under a batch adsorption setup, (3) to determine kinetics of the adsorption reaction onto HNTs, and (4) to predict the adsorption process by using isotherm models.
Materials and Methods

Adsorbent Characterizations and Preparations
All HNT material used in this study was provided by Durtec Company (Neubrandenburg, Germany). Granular HNT was prepared through compaction employing an EIRICH machine; water was used as a reagent. The size of investigated HNT grains was between 4-6 mm. The HNTs were also characterized by scanning electron microscopy (SEM) to study morphology, size, and elemental composition (Figure 1 ). The chemical composition and specific surface area of the HNTs was determined by X-ray Fluorescence (XRF) spectrometry and N 2 gas BET analyses using a thermo Sorptomatic 1990 Analyzer (Thermo Fisher Scientific, Milan, Italy).
All chemicals used in this experiments for preparing phosphate solutions and for analyzing adsorbed phosphate, such as KH 2 The determination of inorganic phosphate in aqueous solution is based on the reaction of the phosphate ions with the acidic molybdate reagent producing a phosphomolybdate complex. This complex is reduced to a favourably coloured blue compound (Molybdenum blue method) [42] . All chemicals used in this experiments for preparing phosphate solutions and for analyzing adsorbed phosphate, such as KH2PO4, C6H8O6, (NH4)6Mo7O24·4H2O, (SbO)K(C4H4O6)·1/2H2O, H2SO4 were analytical reagent grade chemicals from Carl Roth (Karlsruhe, Germany). The varying concentrations of phosphate solution for adsorption experiments were prepared by diluting the stock solution (1000 mg L −1 phosphate).
The determination of inorganic phosphate in aqueous solution is based on the reaction of the phosphate ions with the acidic molybdate reagent producing a phosphomolybdate complex. This complex is reduced to a favourably coloured blue compound (Molybdenum blue method) [42] .
Classical Batch Experiments
The classical batch experiment was conducted by agitating 4 g of each adsorbent with 100 mL of phosphate solution of known concentration ranging from 1 mg L −1 to 100 mg L −1 in plastic acidwashed polypropylene bottles (adsorbent:solution ratio, 1:25 g:mL). The batch containers were shaken using a horizontal shaker with the speed of 200 rpm to homogenize the samples and to accelerate the adsorption at a temperature of 22 ± 1 °C and a natural pH (7.014 ± 0.09). At the end of equilibrium time (24 h), the mixtures were filtered through 0.45 µm nylon mesh and the concentration of residual phosphate at equilibrium time was determined by the photometric method (Molybdenum blue method) and a spectrophotometer (Specord 40, Analytik Jena AG, Jena, Germany) at 850 nm [42] . Each experiment was conducted triplicate to check the repeatability of the experimental data, and data represent the mean value of the individual results. The variance in the data of repetition was consistently less than 5%. The amount of phosphate adsorbed at time t and the adsorbed amount q were calculated from the mass balance equation: 
The classical batch experiment was conducted by agitating 4 g of each adsorbent with 100 mL of phosphate solution of known concentration ranging from 1 mg L −1 to 100 mg L −1 in plastic acid-washed polypropylene bottles (adsorbent:solution ratio, 1:25 g:mL). The batch containers were shaken using a horizontal shaker with the speed of 200 rpm to homogenize the samples and to accelerate the adsorption at a temperature of 22 ± 1 • C and a natural pH (7.014 ± 0.09). At the end of equilibrium time (24 h), the mixtures were filtered through 0.45 µm nylon mesh and the concentration of residual phosphate at equilibrium time was determined by the photometric method (Molybdenum blue method) and a spectrophotometer (Specord 40, Analytik Jena AG, Jena, Germany) at 850 nm [42] . Each experiment was conducted triplicate to check the repeatability of the experimental data, and data represent the mean value of the individual results. The variance in the data of repetition was consistently less than 5%. The amount of phosphate adsorbed at time t and the adsorbed amount q t were calculated from the mass balance equation:
where C 0 is the initial concentration of phosphate in contact with halloysite nanotubes, C t is the mass concentration of phosphate in the aqueous phase at time t and q t is the amount of adsorbed phosphate per unit mass of HNTs (mg kg −1 ), M is dry mass of the adsorbent (kg), and V the volume of solution (L).
Kinetic Experiments and Data Presentations
The kinetic experiments for phosphate adsorption onto powder and aggregated form of HNTs were carried out in KH 2 PO 4 aqueous solution at an initial phosphate concentration of 20 mg L −1
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The residual phosphate concentrations in the solution were measured at various contact times ranging from 5 min to 24 h. An aliquot of the solution (5 mL) withdrawn by pipette, and the remaining solids, were separated by filtration (0.45 µm, Nylon Membrane Filters, Carl Roth GmbH, Karsruhe, Germany). The residual phosphate concentration was measured using the molybdenum blue method as described above [42] .
Several models have been proposed to investigate the mechanism of adsorption onto several HNTs [19, 21] .
In order to evaluate the kinetic adsorption parameters, mathematical models including pseudo-first order (Equation (2)) and pseudo-second order (Equation (3)) equations were used to analyze the experimental data of phosphate adsorption onto HNTs. The equations are expressed as:
where q t is the amount of adsorbed phosphate at time t, q e is the amount of adsorbed phosphate at equilibrium time (both in mg kg −1 ), and k 1 and k 2 are the pseudo-first order rate constant of adsorption (h −1 ) and the pseudo-second order rate constant of adsorption (kg mg −1 h −1 ) respectively. To evaluate isotherm parameters, non-linear isotherm models were fitted to the equilibrium adsorption data. In order to estimate adsorption constants that indicate the adsorption capacity and affinity of the adsorbents, the Langmuir (Equation (4)) and Freundlich (Equation (5)) adsorption isotherms were applied to the data. The isotherm equations have been optimized using the root mean square errors (RMSE).
The equations are expressed as a non-linear function as follows:
where q e is the amount of adsorbed phosphate at equilibrium (mg kg −1 ), C e correspond to the equilibrium concentration of phosphate in the solution (mg L −1 ), Q represents the Langmuir parameter, which is associated with the adsorption density (mg kg −1 ) and K L represents the Langmuir coefficient of adsorption energy (L mg −1 ) and K F is the Freundlich coefficients expressing the adsorption energy (
while n is the Freundlich constant representing the adsorption intensity (dimensionless). Table 1 represents the structural characteristics of HNTs from Durtec GmbH, Neubrandenburg, Germany. As expected, the Al 2 O 3 content was more magnificent than Fe 2 O 3 . Surface characterization depicts that the specific surface area of HNTs ranges from 25 to 35 m 2 g −1 , which is principally appealing for phosphate adsorption. Chemical analysis of HNTs reveals that the amount of Fe 2 O 3 is up to 23%. This observation suggests that Fe oxides like hematite and maghemite are associated and/or the partial substitution of Fe 3+ for Al 3+ in the octahedral sheet [19, 36] . However, further work is needed to better understand HNTs and their properties. Joussein et al. [19, 29] proposed that morphological variability of halloysite is attributed to various factors including crystal structure, the degree of alteration, chemical composition, and the effects of dehydration. SEM image of HNTs illustrates tubular morphology with different lengths, covering a range from 0.3 to 3.5 µm and the diameter varies from 15 nm to 120 nm, which explains the mesoporous (2-50 nm) and even macroporous scale (>50 nm) [36, 37] .
Results and Discussions
Morphology and Characterization of HNTs
Phosphate Adsorption Kinetics
Principally, the kinetics of phosphate adsorption by HNTs illustrates two different steps of adsorption with different slopes. The adsorption dynamic is characterized by a fast first phase (first 4 h of the experiment) in which 50% of the final amount is adsorbed onto HNTs. The second step corresponds to slower kinetics reaching maximum adsorption at a constant rate beyond 18 h of the experiment (Figure 2 ). The data indicate that the equilibrium is attained at 24 h. The shaking time for the equilibrium tests was chosen accordingly. A 24 h kinetic experiment appears to be adequate to reach equilibrium, which is in agreement with prior studies [1] . Differences in the temporal dynamic can be attributed to less accessible adsorption site of phosphate and a limited diffusion process in case of granular HNTs. Among studied adsorbents, the amount of phosphate adsorbed on HNT-MF4 (G) (549 mg kg −1 , 94.7%) was much higher than the values obtained for all other adsorbents at the same interaction time of 24 h. Table 1 represents the structural characteristics of HNTs from Durtec GmbH, Neubrandenburg, Germany. As expected, the Al2O3 content was more magnificent than Fe2O3. Surface characterization depicts that the specific surface area of HNTs ranges from 25 to 35 m 2 g −1 , which is principally appealing for phosphate adsorption. Chemical analysis of HNTs reveals that the amount of Fe2O3 is up to 23%. This observation suggests that Fe oxides like hematite and maghemite are associated and/or the partial substitution of Fe 3+ for Al 3+ in the octahedral sheet [19, 36] . However, further work is needed to better understand HNTs and their properties. Joussein et al. [19, 29] proposed that morphological variability of halloysite is attributed to various factors including crystal structure, the degree of alteration, chemical composition, and the effects of dehydration. SEM image of HNTs illustrates tubular morphology with different lengths, covering a range from 0.3 to 3.5 µm and the diameter varies from 15 nm to 120 nm, which explains the mesoporous (2-50 nm) and even macroporous scale (˃50 nm) [36, 37] .
Principally, the kinetics of phosphate adsorption by HNTs illustrates two different steps of adsorption with different slopes. The adsorption dynamic is characterized by a fast first phase (first 4 h of the experiment) in which 50% of the final amount is adsorbed onto HNTs. The second step corresponds to slower kinetics reaching maximum adsorption at a constant rate beyond 18 h of the experiment (Figure 2 ). The data indicate that the equilibrium is attained at 24 h. The shaking time for the equilibrium tests was chosen accordingly. A 24 h kinetic experiment appears to be adequate to reach equilibrium, which is in agreement with prior studies [1] . Differences in the temporal dynamic can be attributed to less accessible adsorption site of phosphate and a limited diffusion process in case of granular HNTs. Among studied adsorbents, the amount of phosphate adsorbed on HNT-MF4 (G) (549 mg kg −1 , 94.7%) was much higher than the values obtained for all other adsorbents at the same interaction time of 24 h. To get more comprehension of the kinetics of phosphate adsorption onto HNTs, different models were fitted to the experimental data. The pseudo-first and pseudo-second order equations were applied in this study, and the parameter values for the kinetic experiment as acquired are reported in Table 2 . For all HNTs, the calculated equilibrium capacity values were very close to the experimentally determined values (q e ). The k 1 and k 2 represent the steepness of the curve and describe the rate of Table 2 it is evident that the adsorption of phosphate onto HNT-MF4(P) is faster than onto the other HNTs. In powder form, the sorption sites of the HNTs are instantly accessible. In general, excellent fits (R 2 > 0.90, Table 2 ) for all HNTs were observed indicating that both kinetic models are applicable. All adsorbent favorably adsorb phosphate efficiently. For the mentioned HNTs (HNT-MF4), q e values as derived from the pseudo-first order equation are 541.1 mg kg −1 and 472.1 mg kg −1 for granular form and powder form, respectively indicating a slightly higher adsorption capacity (around 10%) for the granular form at time of equilibrium, although the rate of phosphate uptake of the powder form was higher than that of the granular form at early stages of the experiments (k 1 = 5.25 vs. 0.256 h −1 ) (Figure 3 ). To get more comprehension of the kinetics of phosphate adsorption onto HNTs, different models were fitted to the experimental data. The pseudo-first and pseudo-second order equations were applied in this study, and the parameter values for the kinetic experiment as acquired are reported in Table 2 . For all HNTs, the calculated equilibrium capacity values were very close to the experimentally determined values (qe). The k1 and k2 represent the steepness of the curve and describe the rate of phosphate uptake. From Table 2 it is evident that the adsorption of phosphate onto HNT-MF4(P) is faster than onto the other HNTs. In powder form, the sorption sites of the HNTs are instantly accessible. In general, excellent fits (R 2 > 0.90, Table 2 ) for all HNTs were observed indicating that both kinetic models are applicable. All adsorbent favorably adsorb phosphate efficiently. 
Adsorption Isotherms
Analysis of the relationship between the adsorption capacity of the materials (HNTs) and different phosphate concentrations at equilibrium was performed using the equations of Langmuir (Equation (3)) and Freundlich (Equation (4)). The isotherm plots of the equilibrium adsorption of phosphate are graphically presented in Figure 4 , and the parameters values derived from the isotherm models and Table 3 . It was found that among the tested materials, adsorption onto the granular form of HNTs was more pronounced than onto powder form. Freundlich equation relatively better describes the adsorption of phosphate onto halloysite nanotubes as indicated by the greater value of R 2 ( Table 3) .
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The Freundlich constant, , can be considered a measure of deviation from linearity of adsorption. If = 1 the adsorption is linear, indicating that the adsorption sites are homogenous in energy and no interaction occurs between the adsorbed species [43] . The results revealed that the values for all adsorbents were less than unity (Table 3) , which indicates that increased adsorption can modify the adsorbent and that a chemical rather than physical adsorption was dominant [44, 45] .
Conclusions
The mechanism of phosphate adsorption onto the powder and granular forms of halloysite nanotubes was studied via diffusion and batch experiments. Both powder and granular halloysite nanotubes are adequate of removing phosphate from agricultural runoff. At equilibrium time, the Nevertheless, in the case of HNT-MF2(G) and HNT-MF4(G), systems follow both Freundlich and Langmuir type adsorption isotherms. The results confirm that the Freundlich adsorption capacity, KF, of HNT-MF4 (P) is larger (415 L kg -1 ; R 2 : 0.983 for HNT-MF4 (G) and 380 L kg -1 ; R 2 : 0.982 for HNT-MF2 (G) as compared to that of other adsorbents (345 L kg -1 ; R 2 : 0.977 for HNT-MF7 (P) and 207 L kg -1 ; R 2 : 0.964 for HNT-MF4 (P)) ( Table 3) .
The Freundlich constant, n, can be considered a measure of deviation from linearity of adsorption. If n = 1 the adsorption is linear, indicating that the adsorption sites are homogenous in energy and no interaction occurs between the adsorbed species [43] . The results revealed that the n values for all adsorbents were less than unity (Table 3) , which indicates that increased adsorption can modify the adsorbent and that a chemical rather than physical adsorption was dominant [44, 45] .
The mechanism of phosphate adsorption onto the powder and granular forms of halloysite nanotubes was studied via diffusion and batch experiments. Both powder and granular halloysite nanotubes are adequate of removing phosphate from agricultural runoff. At equilibrium time, the granular form of halloysite nanotubes had a slightly higher adsorption capacity than the powder form. We postulate that the pore volume as formed by the production of grains can accommodate phosphate anions in addition to the adsorbed amount at solid surfaces. Adsorption of phosphate onto granular halloysite nanotubes took place primarily at active sites of the surface area followed by a slow diffusion into the inner structure of the grains. The Freundlich isotherm model provided a superior fit to data indicating the irregular internal morphology of halloysite nanotubes particles and interrupted placement of the layers. The lab-scale phosphate adsorption onto halloysite nanotubes offers interesting perspectives; however, the use of the halloysite nanotubes for phosphate-laden agricultural runoff requires more investigations deploying real runoff, which also contains dissolved and particulate organic matter and clay minerals possibly altering adsorption behavior. Besides, clogging of filter materials in a flow-through-set-up is a severe problem and may be considered additionally in future studies [46] . 
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